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Peroxiredoxins are a family of peroxidases that are
ubiquitously and abundantly expressed in mamma-
lian tissues; however, comparatively less is known
about their expression in the skin. In this study, we
examined the expression of three isotypes of peroxi-
redoxins (I±III) in rat skin. Western blot analyses
showed strong expression of peroxiredoxins I±III in
the epidermis and dermis of intact skin.
Additionally, they were expressed in cultured rat ker-
atinocytes and ®broblasts. Confocal image analyses
revealed that peroxiredoxin II was present in the
cytoplasm as a diffuse, reticulated pattern. In immu-
nohistochemical staining of rat skin, peroxiredoxin
expression was mainly localized to the epidermis,
hair follicles, and sebaceous glands. In the epidermis,
peroxiredoxins I and II were expressed in all layers
with a gradient of increasing expression to the gran-
ular layer. In contrast, peroxiredoxin III was
expressed in all layers with a gradient of expression
decreasing to the granular layer. In the hair follicle,
peroxiredoxins I±III were mainly expressed in the
outer root sheath, except peroxiredoxin II, which
was strongly expressed in the inner root sheath. In
situ hybridization showed that mRNA expression was
commensurate with the level of protein. Ultraviolet
B radiation increased peroxiredoxin II expression in
rat skin within 15min after irradiation. From this
study we conclude that peroxiredoxin isoforms are
ubiquitously expressed in rat skin, and expression of
at least peroxiredoxin II can be regulated by ultra-
violet irradiation as a peroxidase in the skin. Key
words: peroxiredoxin/ubiquitous/ultraviolet B. J Invest
Dermatol 115:1108±1114, 2000
R
eactive oxygen species (ROS; O2´±, H2O2,
ROOH, HO´, etc.) are formed in tissues during
normal cellular metabolism. These highly reactive
molecules have deteriorating effects on macro-
molecules of tissues, such as DNA, proteins, and
lipids. Ultraviolet rays are exogenous sources of causative oxidative
damage in the skin by producing ROS. Various enzymatic and
nonenzymatic anti-oxidants are present in the living tissues to
maintain biologic integrity by reversing oxidative damage (Vessey,
1993). To confer protection against the cytotoxic oxygen species,
the skin is equipped with several enzymatic anti-oxidants, such as
superoxide dismutase (SOD), catalase, and various peroxidases
(Black, 1993).
Recently, peroxiredoxin (Prx), a novel family of peroxidases,
was identi®ed in most living organisms (Chae et al, 1994). To date,
at least six isotypes of Prx (I±VI) have been identi®ed in mammals,
and they are classi®ed into three distinct subfamilies by the
phylogenetic analysis using Generic Computer Group's PILEUP
(Fig 1). First, the Prx subfamily consisting of Prx I±IV, known as
thioredoxin (Tx) peroxidase, contains two conserved active site
cysteine residues, which are responsible for the reduction of
peroxides by using Tx as an immediate electron donor. Prx I
consists of a product of proliferation-associated gene (ProspeÂri et al,
1993), a 23 kDa macrophage stress-induced protein (MSP23) (Ishii
et al, 1993), a natural killer enhancing factor A (Shau et al, 1993),
and a 23 kDa heme-binding protein (HBP23) (Iwahara et al, 1995).
The anti-oxidant properties (Kang et al, 1998a; Chae et al, 1999a),
the regulatory function of AP-1 (Shau et al, 1998), and an
inhibition of c-Abl tyrosine kinase activity have also been reported
(Wen and Van Etten, 1997; ProspeÂri et al, 1998). Prx II was
identi®ed as a thiol-speci®c anti-oxidant (Chae et al, 1994), a
natural killer enhancing factor B (Shau et al, 1993), a calpromotin
(SchroÈder et al, 1998) in bovine brain, and in a K-562
erythroleukemia cell line and erythrocytes, respectively. Prx II
was also reported to inhibit apoptosis (Ichimiya et al, 1997; Zhang
et al, 1997). Prx III was identi®ed as a preferentially expressed
protein in murine erythroleukemia cells (MER5) (Yamamoto et al,
1989), and a substrate for mitochondrial adenosine triphosphate-
dependent protease (SP-22) (Watabe et al, 1994). Prx III has also
been known to function as an anti-oxidant (Watabe et al, 1995;
Araki et al, 1999), and to stimulate anti-oxidant activity by the
binding of Prx III to cyclophilin 18 (Jaschke et al, 1998) and
binding to vimentin (Otero, 1997). Two Prx IV proteins, AOE
372 (anti-oxidant enzyme 372) (Jin et al, 1997) and TRANK (Tx
peroxidase-related activator of natural killer kB and c-Jun N-
terminal kinase) (Haridas et al, 1998), were found to bind with Prx I
(proliferation-associated gene) and a cytokine. Extracellular secre-
tion of Prx IV and the activation of transcription factors by Prx IV
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were elucidated from various cell lines (Haridas et al, 1998;
Matsumoto et al, 1999). Prx V, the second subtype of Prx, is the
smallest isotype among family members because it does not possess
a 40 amino acid residues segment on the C-terminus compared
with the amino acid sequences of Prx I±IV (Hochstrasser et al,
1992). Very little is known about Prx V. The third subtype, Prx VI,
contains one conserved active site cysteine residue and an extended
C-terminal amino acid sequence. Prx VI has been identi®ed as a
member of Prx family (Kang et al, 1998b), a lysosomal type Ca2+-
independent phospholipase A2 (Kim et al, 1997), and a non-
selenium glutathione peroxidase in human keratinocytes (Munz
et al, 1997), rat olfactory epithelium (Novoselov et al, 1998), and
bovine eye (Singh and Shichi, 1998). Although several functions
have been reported for Prx family members, peroxidase activity is
the only generally accepted common catalytic function.
Prx isotypes exist ubiquitously and abundantly in mammalian
tissues and are thought to provide one major pathway for removing
hydrogen peroxide; however, which isotypes are expressed in a
single mammalian organ, tissue or cell remains unclear. In this
study, we evaluated the expression of three isotypes of Prx in rat
skin in vivo, in primary rat keratinocytes and ®broblasts in vitro.
From this study, we identi®ed the ubiquitous expression of Prx
isotypes with different patterns in the epidermis and hair follicles.
The differential expression pattern of Prx isotypes suggests that they
might be implicated in differentiation and/or proliferation of the
skin, in addition to their well-known anti-oxidant roles.
MATERIALS AND METHODS
Animals Male Sprague±Dawley 3 wk old rats (weight approximately
35 g) were used for experiments and neonatal rats for primary cell culture
were purchased from the Dae Han Lab., Animal Research Center (Seoul,
Korea). The rats were housed in a stainless steel isolation cage, and fed
commercial mouse chow and tap water available ad libitum. They were kept
at room temperature and in normal light conditions.
Cell culture Keratinocytes were isolated from excised dorsal skin of
normal neonatal rats. The skin was cut into small pieces and treated with
2.4 U dispase per ml (Boehringer Mannheim, Ingelheim, Germany) for
10 min at 37°C. Epidermal sheets were separated from the dermis with
forceps, and keratinocytes were grown in a serum-free keratinocyte growth
medium (Clonetics, San Diego, CA), containing bovine pituitary extract
(30 mg per ml), human epidermal growth factor (100 ng per ml), insulin
(5 mg per ml), hydrocortisone (0.5 mg per ml), gentamicin sulfate (50 mg
per ml), and amphotericin-B (50 ng per ml). The ®nal concentration of
Ca2+ in the medium was 0.15 mM. Subcon¯uent cultures of keratinocytes
were passaged by dispersal with trypsin (0.025%), ethylenediamine
tetraacetic acid (0.01%) in HEPES-buffered saline solution (Clonetics).
Trypsinization was stopped by the addition of trypsin neutralizing solution
(Clonetics). The second passage of primary keratinocyte culture was used
for all experiments. Primary culture of dermal ®broblasts was established
and maintained from rat skin as described previously (Falanga et al, 1991).
Cells were cultured in Dulbecco's modi®ed Eagle's medium (Gibco BRL,
Rockville, MD) supplemented with 10% fetal bovine serum. Cells were
used between the third and ®fth passages for experiments. Keratinocytes
and ®broblasts were grown at 37°C in 5% CO2, 95% air. For western blot
analyses, monolayers were harvested at 80±90% con¯uence with a cell
scraper. After washing three times with phosphate-buffered saline (PBS),
the cells were incubated in lysis buffer (50 mM Tris±HCl, pH 8.0, 150 mM
NaCl, 5 mM ethylenediamine tetraacetic acid, Nonidet P-40 and 1 mM
phenylmethylsulfonyl ¯uoride) for 10 min at 4°C. To prepare the cell
extract, the supernatant was obtained by centrifuging cell lysates at
16,000 3 g for 15 min at 4°C in a microcentrifuge (Eppendorf, Hamburg,
Germany). For confocal image analyses, cells were grown on an autoclaved
cover glass in a six-well culture plate until 80% con¯uence occurred.
Preparation of isotype speci®c anti-Prx antibodies Owing to the
high sequence homology among the mammalian Prx isoforms, isotype-
speci®c anti-Prx antibodies prepared in one species can be used for other
species. Polyclonal antibodies were raised in rabbits against the puri®ed
recombinant human Prx I, puri®ed bovine brain Prx II, and a synthetic
peptide corresponding to the C-terminal 14 residues of Prx III (Kang et al,
1998b). The speci®city of the three antibodies was con®rmed by
immunostaining of the antibodies with the puri®ed proteins or peptide.
Preparation of rat skin extracts Excised rat skin was cut into small
pieces with iris scissors, and immediately frozen in liquid N2. To
differentiate Prx expression between the epidermis and dermis, the
epidermal sheet was separated from the dermis as described previously
(Shindo et al, 1993). In brief, excised skin was immersed in PBS (pH 7.4)
for 30±60 s at 55°C. The skin was placed dermis-side down on an ice-
cooled Petri dish and the epidermis was separated with a scalpel. The
separated epidermal and dermal tissues were snap-frozen in liquid N2 for
preparation of epidermal and dermal extracts. The frozen samples were
pulverized in a mortar containing liquid N2, and further homogenized with
5 volumes of extraction buffer (50 mM potassium phosphate buffer, pH 7.4,
containing 0.1 M KCl, 0.5 mM ethylenediamine tetraacetic acid, 1 mM
phenylmethylsulfonyl ¯uoride) in a motor-driven Potter-Elvehjem
homogenizer with a Te¯on pestle at 4°C. The homogenate was
centrifuged at 25,000 3 g for 20 min with an SS-34 rotor (Sorvall,
Newtown, CT) at 4°C, and the resulting supernatant fraction was used
for blots. The skin extracts were stored below ±20°C for further
experiments.
Western blot analyses of Prx isotypes Rat skin extracts and the cell
extracts of rat keratinocytes and ®broblasts were used for protein samples
for analysis by western immunoblotting. Protein quanti®cation of the
samples was performed by the method of Bradford (1976) using bovine
serum albumin as a standard. After boiling for 5 min in sample buffer
(62.5 mM Tris±HCl, pH 6.8, 10% glycerol, 2% sodium dodecyl sulfate,
10% b-mercaptoethanol), 20 mg of each sample was separated on a 12%
sodium dodecyl sulfate±polyacrylamide gel. After electrophoresis, proteins
were transferred on to a 0.2 mm nitrocellulose membrane (Bio-Rad
Laboratories, Richmond, CA). The membrane was incubated for 3 h atFigure 1. Classi®cation of the Prx family.
Table I. Expression of Prx isotypes in rat skin
Prx Epidermis Hair follicles Sebaceous gland
isotypes
Basal Spinous Granular ORS IRS
I ++a ++ +++ +++ + ++
II ++ ++ +++ + +++ ++
III +++ + + +++ + ++
a+++, strongly positive; ++, moderately positive; +, weakly positive.
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room temperature with anti-Prx antibodies diluted 1:1000 for Prx I, 1:2000
for Prx II, and 1:3000 for Prx III, respectively. Membranes were washed
and incubated with a secondary antibody for 1 h at room temperature. The
secondary antibody was biotinylated goat anti-rabbit IgG conjugated with
horseradish peroxidase and diluted to a 1:2000 dilution (Bio-Rad
Laboratories). Visualization of immune complexes was performed with
4-chloro-1-naphthol.
Immunohistochemical staining of Prx isotypes in rat skin For
immunohistochemical labeling with appropriate antibodies, skin specimens
from the shaved dorsal area were ®xed in 10% formalin solution. After
®xation, the specimens were rinsed in absolute ethanol, rehydrated to 70%
ethanol, and processed for paraf®n embedding. Paraf®n sections, 5 mm
thick, were deparaf®nized by passage through two changes of xylene. The
sections were preincubated with 3% hydrogen peroxide in distilled water
for 10 min to block endogenous peroxidase activity. The slides were then
washed in Tris-buffered saline (pH 7.2). Incubation of the sections with
primary antibodies was performed at room temperature for a titer of 1:50
for 30 min (Prx I and III) and 2 h (Prx II), respectively. After incubation
with the primary antibodies, the samples were rinsed with Tris-buffered
saline and incubated with a biotinylated secondary antibody (goat anti-
rabbit IgG, LSAB kit, Dako, Glostrup, Denmark) at a 1:200 dilution for
15 min at room temperature. After washing the sections were incubated for
15 min with streptavidin conjugated with horseradish peroxidase. They
were then incubated for 5 min with 3-amino-9-ethylcarbazole as the
chromogenic substrate, and were counterstained with Meyer's
hematoxylin. As a negative control, sections were incubated with
nonimmunized serum instead of the primary antibodies. For
quanti®cation of immunoreactivity, all sections were examined under a
light microscope (Eclips, Nikon, Tokyo, Japan), and the expression level of
Prx isotypes were graded, respectively, as the relative intensities with a scale
ranging from 0 for negative staining to 3+ for the most intense.
Immuno¯uorescence study of Prx II in rat keratinocytes and
®broblasts For immuno¯uorescence staining, cultured cells were ®xed
with methanol for 10 min at ±20°C, followed by acetone for 5 min at ±
20°C, and were incubated with anti-Prx II antibody diluted 1:50 for 1 h at
room temperature. Next they were incubated with a porcine ¯uorescein
isothiocyanate-conjugated anti-rabbit IgG secondary antibody (Dako)
diluted 1:20 for 1 h at room temperature. Cell nuclei were stained with
propidium iodide solution diluted 1:300±500 with PBS. Positive
¯uorescence signals were analyzed using a confocal laser scanning
microscope (MRC 1024, Bio-Rad Laboratories), equipped with Ar
(488 nm) and HeNe (543 nm) lasers.
Preparation of anti-sera and analyses of Tx reductase (TR) and Tx
in rat skin by direct immuno¯uorescence Anti-sera speci®c to TR
and Trx were prepared from rabbits with puri®ed proteins. TR was
puri®ed from rat liver as described (Luthman and Holmgren, 1982).
Recombinant rat Trx was expressed and puri®ed as described previously
(Kang et al, 1998a). Puri®ed TR and Trx were con®rmed by insulin
reduction assay and Prx assay (Chae et al, 1999a, b). Frozen rat skin samples
(8 mm in thickness) were air-dried and incubated with nonimmunized
porcine serum to block the nonspeci®c binding of primary antibodies. After
removal of the serum with PBS (pH 7.4), primary antibodies diluted 1:50
were incubated with the samples for 1 h at room temperature. Then the
sections were incubated with a porcine ¯uorescein isothiocyanate-
conjugated anti-rabbit IgG secondary antibody (Dako) diluted 1:20 for
1 h at room temperature. Between each step, samples were washed with
PBS. As a negative control, sections were incubated with nonimmunized
serum instead of the primary antibodies. All samples were observed with a
¯uorescence microscope (Eclipse E800, Nikon).
In situ hybridization of Prx II mRNA Skin tissue was ®xed by in vivo
perfusion through the abdominal aorta with 4% paraformaldehyde in PBS
for 10 min. The skin was excised and then immersed in the same ®xative
for 3 h at 4°C. The blocks were washed in PBS, dehydrated in a graded
series of ethanol washes, and then embedded in paraf®n. Tissue sections
were cut into 6 mm and mounted on to gelatin-coated glass slides. A
subcloning vector (PGEM-T, Promega, Madison, WI) containing 600 bp
fragment of 5¢-coding region of rat Prx II was linearized with PstI for the
anti-sense probe and NcoI for the sense probe, respectively. The sense and
anti-sense RNA probes were synthesized using SP6 and T7 RNA
polymerases, respectively, in the presence of digoxigenin-11-uridine
triphosphate (Boehringer Mannheim). In situ hybridization was
performed as described previously (Ahn et al, 1996). In brief, the tissue
sections were deproteinated and acetylated. Prehybridization was
conducted for 4 h at 48°C in a humidi®ed chamber. The slides were
then hybridized with a 20 ng per ml digoxigenin-11-uridine triphosphate-
labeled riboprobe in hybridization buffer for 14±16 h at 48°C. As a negative
control, hybridization with the sense probe was performed in parallel with
the anti-sense probe on alternate sections. Unbound probes were removed
by sequential washes of sodium chloride/sodium citrate buffer with or
without ribonuclease A. RNA±RNA hybrids were incubated with a 1:500
dilution of anti-digoxigenin alkaline phosphatase conjugate (Boehringer
Mannheim), followed by incubation with Nitro Blue tetrazolium and 5-
bromo-4-chloro-3-indolyl phosphate. After mounting in crystal mount
medium, sections were photographed using a light microscope (Vanox-S,
Olympus, Tokyo, Japan).
Ultraviolet (UV) B source and irradiation A bank of six UVB
¯uorescent tubes (FSX72T 12/UVB-HO, National Biological Corp.,
Twinsburg, OH) were used. The tubes emit UVB light between 290 and
320 nm in wavelengths with a peak emission at 300 nm. The intensity of
the UV light was measured by an IL 700 research light meter (International
Light, Newburyport, MA). The height of the bulbs was adjusted to deliver
0.6 mW per cm2 per s at the dorsal surface of rats in a cage, and a total
150 mJ per cm2 of UVB dose was given once by adjusting radiation time to
4 min 10 s. During irradiation, the rats moved freely as their shaved back
skin was exposed to the UVB bulbs. For time-course experiments, rats
were killed up to 24 h after irradiation.
RESULTS
Preparation of Prx isotype-speci®c antibodies Figure 2
shows western blot analyses of authentic Prx I, II, and III
isotypes using the isotype-speci®c antibodies. Each antibody was
isoform speci®c without cross-reaction between them.
Prx I±III are ubiquitously expressed in the epidermis and
dermis in vivo Western immunoblots revealed positive bands for
Prx I±III with each speci®c antibody in whole skin (lane B), dermal
(lane C), and epidermal (lane D) extracts (Fig 3).
Prx is ubiquitously expressed in rat keratinocytes and
®broblasts in vitro Likewise, western immunoblot analyses
provided strong signals for Prx I±III in keratinocyte (lane B) and
®broblast (lane C) cell extracts (Fig 4). Confocal image analysis
revealed that Prx II was present in the cytoplasm of rat
keratinocytes and ®broblasts as a diffuse reticulated pattern with
perinuclear accentuation (Fig 5a). The staining pattern was similar
in both cell types, but the ¯uorescence intensity was weaker in
®broblasts (Fig 5b).
Prx is expressed as an isotype-speci®c pattern in the
epidermis and hair follicles In immunohistochemical
staining, the three isotypes of Prx were expressed in the
epidermis with an isotype-speci®c pattern: a higher level of the
Figure 2. Prx antibodies show monospeci®city. Twenty micrograms
of authentic Prx isotypes I, II, or III were resolved on 12% sodium dodecyl
sulfate±polyacrylamide gels and separately reacted with the three isotype-
speci®c antibodies.
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granular layer for Prx I and Prx II and a higher level of the basal
layer for Prx III (Fig 6a±c). In the dermis, Prx expression was
mainly localized to hair follicles and sebaceous glands with an
isotype-speci®c pattern for the former. Prx I and Prx III were
strongly expressed in the outer root sheath (ORS), and were
weakly expressed in the inner root sheath (IRS) (Fig 6d, f). Prx II
was strongly expressed in the IRS, and was also expressed in the
ORS (Fig 6e). All isotypes were expressed in the dermal connective
tissues as a scattered pattern with a minor variation of staining
intensity. The negative control incubated with nonimmunized
serum did not show speci®c staining either in the epidermis or in
the dermis (Table I).
TR and Tx are mainly expressed in the hair follicle In
immuno¯uorescence staining, major expression of TR and Tx was
identi®ed in the hair follicle. TR was strongly expressed in the IRS
of hair follicles (Fig 7b), whereas Tx was strongly expressed in the
ORS (Fig 7d); however in the epidermis, TR and Tx were weakly
expressed in only the basal cell layer (Fig 7a, c).
Localization of Prx mRNA is commensurate with its
protein expression In situ hybridization with an anti-sense
RNA probe prepared from Prx II cDNA showed that Prx II
mRNA was localized to all epidermal layers with a gradient to the
upper portion of epidermis (Fig 8b), in agreement with the above
immunohistochemical results. In the dermis, positive hybridization
signals were found in follicular structures, including the ORS, IRS,
hair papillae, and sebaceous glands (Fig 8c). There was some
scattered hybridization foci in dermal connective tissues (Fig 8a).
The sense probe for Prx II revealed no speci®c staining in the
epidermis and dermis (Fig 8d).
UVB irradiation increases the expression of Prx II in rat
skin Prx II expression was increased within 15 min after UVB
irradiation, maintaining a steady-state level for several hours. Prx II
expression was normalized to the control level in 24 h (Fig 9).
DISCUSSION
The skin is an active organ in terms of cellular turnover and
metabolism, resulting in the production of a variety of ROS from
endogenous aerobic activity. Furthermore, the skin is exposed to
the external environment in which exogenous factors such as UV
radiation, ionizing radiation, pro-oxidant chemicals, and infection,
causing the generation of ROS (Fuchs and Packer, 1991). Taken
together, the skin is a vulnerable organ exposed to intrinsic and
extrinsic pro-oxidants, which need scavenging to maintain its
integrity in an aerobic solar environment. Thus, complicated
defense mechanisms, including enzymatic or nonenzymatic anti-
oxidants are required (Darr et al, 1992; Leccia et al, 1993; Shindo
et al, 1994; Clement-Lacroix et al, 1996). In our study we have
identi®ed and documented the ubiquitous expression of Prx
isotypes in the epidermal and dermal components of rat skin in
vivo and in vitro. Furthermore, we report their predominant
expression in the epidermis and hair follicles as an isotype-speci®c
pattern.
Figure 3. Three Prx isotypes are ubiquitously expressed in rat skin.
Twenty micrograms of rat skin extracts from whole skin, epidermis, and
the dermis were subjected to 12% sodium dodecyl sulfate±polyacrylamide
gel electrophoresis and western blotting followed by incubation with
polyclonal antibodies against isotype-speci®c anti-Prx antibodies. The
puri®ed authentic markers for Prx isotypes were also loaded with samples.
Lane A, authentic marker; lane B, whole skin extract; lane C, dermal extract;
lane D, epidermal extract. Identical results were obtained in three
experiments.
Figure 4. Prx I±III isotypes are ubiquitously expressed in rat
keratinocytes and ®broblasts. Twenty micrograms of cell extracts from
rat keratinocytes and ®broblasts were subjected to 12% sodium dodecyl
sulfate±polyacrylamide gel electrophoresis and western blotting followed by
incubation with polyclonal antibodies against isotype-speci®c anti-Prx
antibodies. The puri®ed authentic markers for Prx isotypes were also
loaded with samples. Lane A, authentic marker; lane B, cell extract from rat
keratinocytes; lane C, cell extract from rat ®broblasts. Identical results were
obtained in three experiments.
Figure 5. Prx is mainly localized to the cytoplasm of rat keratino-
cytes and ®broblasts. Rat keratinocytes (a) and ®broblasts (b) were ®xed
in methanol and acetone, and immuno¯uorescence labeling was performed
with anti-Prx II antibody. Confocal laser images of rat keratinocytes (a) and
®broblasts (b) are shown. Scale bar: 10 mm.
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Prx is a peroxidase enzyme family known to protect cells or
tissues from oxidative damage by removing toxic hydrogen
peroxide. In the skin, catalase and glutathione peroxidase have
been studied extensively as hydrogen peroxide-removing anti-
oxidants. The deduced amino acid sequences of Prx isotypes,
however, show no homology to catalase, glutathione peroxidase, or
SOD (Chae et al, 1993), which suggests the possibility that Prx
family members might ful®ll different physiologic roles in the skin.
It is known that different peroxidases are likely to have different
biologic roles in the organism to remove hydroperoxides (H2O2
and ROOH). In many cells, however, catalase is too low in
concentration and is compartmentalized mostly at peroxisomes,
thus preventing it from being an effective anti-oxidant to remove
hydrogen peroxide in whole cells. Also, glutathione peroxidase has
Figure 6. Immunohistochemical staining for
Prx expression in rat skin. Formalin-®xed rat
skin was stained with isotype-speci®c anti-Prx
antibodies as described in Materials and Methods.
Prx expression in the epidermis (a±c) and hair fol-
licle (d±f): Prx I (a, d); Prx II (b, e); and Prx III (c,
f). Scale bar: 50 mm.
Figure 7. Immuno¯uorescence staining for
TR and Trx expression in rat skin. Frozen
sections of rat skin were stained with isotype-spe-
ci®c anti-TR and Trx antibodies as described in
Materials and Methods. TR expression in the epi-
dermis (a) and hair follicle (b), and Trx expression
in the epidermis (c) and hair follicle (d). Scale bar:
50 mm.
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a high af®nity in binding to hydroperoxides, but it is present in a
low level in many biologic systems due to the requirement of
selenium at its active site. On the other hand, Prx family members
show a high af®nity (Km < 20 mM) for the binding with
hydroperoxides (Kang et al, 1998a; Chae et al, 1999b), and are
widely distributed in cells and tissues of organisms (Jin et al, 1997;
Kang et al, 1998b). In this study, we have identi®ed that at least
three Prx isotypes (I±III) are ubiquitously expressed in the
epidermis and dermis. Thus in view of their wide distribution
and high af®nity, these Prx isoforms may serve as the major
peroxidases for scavenging endogenous or exogenous hydrogen
peroxide in the skin. In relation to UV irradiation, catalase activities
are decreased in the skin by UVA or UVB irradiation (Pence and
Naylor, 1990; Moysan et al, 1993; Shindo and Hashimoto, 1997).
Glutathione peroxidase activities were decreased (Iizawa et al, 1994;
Shindo and Hashimoto, 1997) or unaffected (Moysan et al, 1993;
Shindo and Hashimoto, 1997) by UV irradiation. In this study,
however, we showed that Prx II expression was increased in rat
skin within 15 min after UVB irradiation. This result suggests that
Prx and catalase/glutathione peroxidases might be co-ordinately
regulated by UVB irradiation by different mechanisms in protecting
the skin from oxidative stress.
Currently it is generally accepted that Prx isotypes have an anti-
oxidant role as a peroxidase; however, the present immunohisto-
chemical studies suggest the possibility of other functions as well.
Prx is expressed as an isotype-speci®c pattern in the epidermis and
hair follicles. The strong expression of Prx I and II in the granular
layer suggests a possible physiologic role during terminal differ-
entiation of the skin. Similarly, accumulation of Prx II was reported
as an early event of erythroid differentiation (Rabilloud et al, 1995).
Five isotypes of Prx with the exception of Prx VI, are anti-
oxidant enzymes that reduce peroxides using a Tx system
consisting of Trx, TR, and NADPH (Kang et al, 1998a, b;
Chae et al, 1999a). In a previous study Trx and TR were
observed in the stratum germinatum, melanocytes, Langerhans
cells, hair follicles, and sweat glands of rat skin, suggesting the
ubiquitous presence of a Tx system in keratinizing tissues
(Rozell et al, 1985). In another report Trx was present in hair
follicles and sebaceous and sweat glands, but not in normal
epidermis (Sachi et al, 1995); however its expression in the
epidermis was induced by sunlight, H2O2, and tumor necrosis
factor-a, suggesting that it might involve the scavenging of
ROS in the skin either directly or indirectly (Mitsui et al,
1992). In this study, we showed that Trx and TR were
strongly expressed in hair follicles and their expression was also
observed in the basal cell layer of the epidermis. The
widespread distribution of these thioproteins suggests a number
of metabolic functions, including serving as anti-oxidants,
transcription activators, growth stimulators, and apoptosis
suppressors (Holmgren, 1985; Powis et al, 1995). This study
reveals that at least three Prx isoforms are differentially
expressed in the epidermis, hair follicles, and sebaceous glands,
where Trx and TR are also present. The colocalization of their
expression in the hair follicle and epidermis suggests an intimate
functional relation among them in the skin. Prx can only
function in the presence of its speci®c electron donating system,
TR and Trx. From our preliminary experiments, UVB
increased Prx II expression shortly after irradiation, and its
level was normalized several hours following irradiation. Further
functional roles of Prx isotypes in UVB-irradiated skin are
under investigation. The mechanism to regulate Prx expression
in the skin by UV rays should be evaluated further.
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Figure 8. In situ hybridization of Prx II
mRNA in rat skin. Rat skin ®xed in paraformal-
dehyde was hybridized with the anti-sense probe
for Prx II cRNA. The positive signals were
shown in the whole skin (a), epidermis (b), and
hair follicles (c). Rat skin was also hybridized with
the sense probe for Prx II (d). Black dots delineate
dermoepidermal junction and junction between
the dermis and hair follicles. Scale bar: 50 mm.
Figure 9. Time-coursechangeofPrx IIexpression inUVB-irradiated
rat skin. Prx II expression levels were examined in nonirradiated normal skin
(lane C) and UVB-irradiated skin from 0 to 24 h postirradiation (lanes 0±24 h).
M indicates an authentic marker for Prx II.
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